ABSTRACT Continuous intracellular recording of membrane potential with microelectrodes in BSC-1 epithelial cells has been used to study the early ionic effects of the interaction of mitogens with cell surface receptors. Initial results show that (i) there is no significant difference in membrane potential between growing and quiescent cells, (ii) addition of epidermal growth factor or serum to quiescent BSC-1 cells induces a brief and transient depolarization, (iii) the mitogenic response of BSC-1 cells to epidermal growth factor and the transient depolarization show similar concentration dependences, and (iv) serum addition to quiescent BSC-1 cells induces a sustained increase in Na+ influx that is electroneutral and amiloride sensitive. Intracellular pH changes may be a primary event triggering the response of quiescent cells to mitogenic polypeptides.
The molecular mechanisms regulating proliferation ofeukaryotic cells are not well understood (1) . Much attention has been focused on the initial cellular responses associated with the interaction of mitogenic factors and hormones with cell surface receptors in the expectation that the early events will provide a clue to primary regulatory mechanisms (2) .
Many such early events are known; some of the earliest responses include increased transmembrane ion fluxes (2) , increased rates of nutrient transport (2) , and increased levels of protein phosphorylation, including autophosphorylation of the receptor for epidermal growth factor (EGF) (3, 4 ). An obligatory relationship between these changes and the proliferative response has not been established nor is it known whether any of these changes are mechanistically linked to others.
The role of altered transmembrane ion fluxes as possible mediators of hormone and growth factor action has received much interest in recent years (5, 6) . Electrophysiological techniques of intracellular recording with microelectrodes provide direct and rapid methods to investigate such phenomena. Although indirect methods for measuring membrane potential exist, such as the use ofpotential-sensitive fluorescent dyes and measurement of the distribution of lipophilic ions, these methods do not provide an unambiguously interpretable measurement of membrane potential equivalent to intracellular microelectrode techniques. Application of intracellular recording to mitogen-responsive mammalian cells in culture has been largely restricted by the small size of such cells and the consequent difficulty in obtaining stable intracellular records.
We now report that stable intracellular recordings can be obtained from BSC-1 epithelial cells and that a very early consequence of EGF or serum interaction with quiescent BSC-1 cells is a transient depolarization of the plasma membrane. Serum also induces in these cells a large and persistent Na+ influx that is electrically silent. These observations suggest that modulation of plasma membrane ion permeabilities may be directly involved in the mechanism of serum and EGF mitogenicity. Some of these observations have been presented in preliminary form (7) .
MATERIALS AND METHODS Materials. Amiloride [3,5- [18] [19] [20] hr later.
The average resting membrane potential (Vm) in these studies was -47 mV, and the distribution of values was symmetric around the mean. There was no significant difference in the average resting Vm of quiescent cells maintained in unchanged 0.1% serum-containing medium for up to 6 days and the average resting Vm ofgrowing cell populations maintained in 5% serumsupplemented media (Table 1 ). This result suggests that the plasma membrane potential ofBSC-1 cells is not correlated with the state of cell growth. This result contrasts with the inferred plasma membrane potential difference between growing and quiescent fibroblasts reported previously (13) and with the re- ported variation of membrane potential with cell cycle progression in neuroblastoma (14) . Typical electrical responses of quiescent BSC-1 cells to EGF and to 1% newborn calf serum are shown in Fig. 1 . Each mitogen causes a depolarization after an apparent delay of about 45 sec. This lag in the response is due to the slow solution flow rate and dead volumes in the superfusion system. Experiments with dye markers in saline buffer indicated that 40-50 sec are required for exchange of the solution bathing an impaled cell. The latency of the depolarization is likely to be no greater than a few seconds. After onset, maximal depolarization is generally elicited within a minute. A slow repolarization then ensues in the continued presence of mitogen, to a Vm value that is identical to the resting Vm prior to mitogen addition.
The depolarization induced by EGF is temporally correlated with the onset of apparent membrane "ruffling" at the cell periphery, which can be observed with BSC-1 cells in the light microscope equipped with Hoffman modulation contrast optics. The observed morphological changes were similar to those previously documented for the response of an epithelial mouse embryo cell line, MMC-E, to EGF (15) .
It seemed possible that such morphological changes might disrupt gap junction connections between cells and thereby reduce cell-cell electrical coupling. Experiments involving si- Effect of EGF. (B) Effect of 1% newborn calf serum. At the points indicated, the superfusion solution was changed to one containing EGF at 12 ng/ml or 1% newborn calf serum. In separate experiments, 1% newborn calf serum was found to be as mitogenic as 10% newborn calf serum. In A, the resting Vm was about -52 mV and constant current pulses were passed through the microelectrode at approximately 10-sec intervals to monitor changes in cell input resistance. The microelectrode resistance was balanced prior to cell penetration. InB, the resting Vm was about -60 mV; the large spikes in the record are artifactual.
Proc. Natl. Acad. Sci Fig. 3 The specificity of the EGF-induced depolarization is indicated by the close correspondence of the dose-response relationships for DNA synthesis and depolarization (Fig. 2) of the preliminary incubation time for both the serum-stimulated and control conditions, as expected for ouabain inhibition of Na' extrusion and elevated intracellular Na' activity.
EGF is a relatively weak mitogen for quiescent BSC-1 cells, and we have been unable to observe a significant effect of EGF on Na+ entry in these cells consistently. However, we have observed marked stimulation by EGF of amiloride-sensitive 22Na' entry in the EGF receptor-rich A431 epidermoid carcinoma cell line (unpublished data).
Ifthis sustained Na' influx occurred via an electrodiffusional pathway, a maintained depolarization ofthe cell membrane concomitant with a reduction of cell input resistance would be expected. Inasmuch as only transient depolarizations, with no associated reduction of input resistance, have been observed in electrophysiological experiments (Figs. lb and 3a) , these combined results imply that the Na' influx due to serum stimulation must be electrically silent.
Further support for this conclusion comes from 22Na+ influx experiments with the diuretic amiloride. Amiloride is known to block electroneutral Na+/H+ exchange in many cell types at millimolar concentrations and to block electrodiffusional Na' entry in some epithelia at micromolar levels (24) . The serumstimulated and basal Na' influx rates in quiescent BSC-1 cells are inhibited by about 60% and 25%, respectively, in the presence of 3 mM amiloride (Table 2) . Incomplete inhibition of serum-stimulated Na+ entry by 3 mM amiloride probably reflects the modest potency of this drug for inhibiting Na+/H+ exchange in the presence of high levels of extracellular Na+, as shown in other systems (24) . Reduction of basal Na+ influx by 3 mM amiloride in nonstimulated cells may be due to a partially active level of Na+/H' exchange functioning in the steady-state regulation of intracellular pH (25) . No inhibition of Na+ entry was observed at an amiloride concentration of 25 AM. These results further support the hypothesis that serum rapidly and persistently stimulates an electrically silent Na' influx in BSC-1 cells, probably mediated through Na+/H' exchange. Amiloride inhibits growth factor-induced cell proliferation in several cell systems (6, 23, 26) at concentrations that could inhibit Na+/H' exchange. We, too, have found that amiloride blocks the growth response of quiescent BSC-1 cells to serum and EGF as measured by [3H]thymidine incorporation assays, but we have further observed that, at 0.5-1.0 mM, amiloride actually potentiates the growth response of BSC-1 cells (unpublished data). In view of the fact that amiloride is taken up by cells (27, 28) , where it may exert effects unrelated to inhibition of Na+/H' exchange (29) , conclusions concerning the role of Na+/H' exchange in cell proliferation based solely on experiments involving long-term exposure to amiloride should be interpreted with caution. DISCUSSION Our purpose in undertaking the studies described here was to use electrophysiological methods to assess directly the nature of the early changes in transmembrane ion fluxes associated with mitogenic activation of normal mammalian cells by defined growth factors. Mitogenic stimulation of a variety of mammalian cell types, such as fibroblasts (5, 19, 30) , hepatocytes (6) , and lymphocytes (31, 32) , by a number of growth factors such as EGF, platelet-derived growth factor, thrombin, and lectins is known to be associated with rapid increases of Na' and Ca2" influx and ouabain-sensitive K+ influx. However, the transmembrane permeation pathways for these ion movements and their electrical consequences are largely unexplored. In a provocative set of investigations, Moolenaar et al (23) studied a sequence ofion permeability changes occuring shortly after addition of fresh serum to quiescent neuroblastoma cells, which resulted in a triphasic membrane potential response and was followed by an extended period ofelectroneutral and amiloridesensitive Na' influx (23) . Such observations with neuroblastoma have features similar to the documented program of rapid ionic events and membrane potential shifts attending the fertilization of invertebrate oocytes (33) . In the latter case, amiloride-sensitive Na' influx through a Na+/H' exchange mechanism is also known to occur; the consequent proton extrusion from the ooplasm causes an alkaline shift ofintracellular pH (34) . As speculated by others (23, 30, 33, 35) EGF receptor-enriched A431 epidermoid carcinoma cell line. The depolarization reported here could result from a transiently increased Ca2" permeability of the plasma membrane, but alterations of other ionic permeabilities may be involved.
While this manuscript was being reviewed, Moolenaar et al. (37) reported that the EGF-dependent increased rate of Na' entry into fibroblasts is electroneutral.
